In normal hemostasis, the blood clotting cascade is initiated when factor VIIa (fVIIa, other clotting factors are named similarly) binds to the integral membrane protein, human tissue factor (TF). The TF/fVIIa complex in turn activates fX and fIX, eventually concluding with clot formation. Several X-ray crystal structures of the soluble extracellular domain of TF (sTF) exist; however, these structures are missing electron density in functionally relevant regions of the protein. In this context, NMR can provide complementary structural information as well as dynamic insights into enzyme activity. The resolution and sensitivity for NMR studies are greatly enhanced by the ability to prepare multiple milligrams of protein with various isotopic labeling patterns. Here, we demonstrate high-yield production of several isotopically labeled forms of recombinant sTF, allowing for high-resolution NMR studies both in the solid and solution state. We also report solution NMR spectra at sub-mM concentrations of sTF, ensuring the presence of dispersed monomer, as well as the first solid-state NMR spectra of sTF. Our improved sample preparation and precipitation conditions have enabled the acquisition of multidimensional NMR data sets for TF chemical shift assignment and provide a benchmark for TF structure elucidation.
Introduction
Proteins involved in the blood coagulation cascade are of vital biomedical importance, and understanding the mechanism of blood clotting protein interactions is crucial to the continued development of successful treatments for blood coagulation disorders such as hemophilia, von Willebrand disease, and thrombosis. The blood clotting cascade is initiated through the extrinsic pathway when the activated serine protease, factor VII (fVIIa), binds to human tissue factor (TF) (Factors are named with Roman numerals and the suffix "a" to indicate the activated state.) [1] . A series of other clotting factors are subsequently activated; for example, the membrane-bound TF/fVIIa complex in turn activates fX and fIX via limited proteolysis, and the cascade eventually concludes with clot formation.
Human TF is a type-I integral membrane protein that is expressed on the surface of cells outside the vasculature [2] . It is a member of the class II cytokine receptor superfamily and consists of three domains: the extracellular domain (residues 1-219), a membrane spanning helix (residues 220-242), and the cytoplasmic domain (residues 243-263). The extracellular domain comprises two fibronectin type-III domains, which have primarily β-sheet secondary structure. The isolated extracellular domain of TF (also known as soluble TF, sTF) does not occur naturally, but because it is highly water soluble while retaining the ability to form an active enzyme complex with fVIIa [3] , it has been used in a variety of biophysical studies to investigate TF [4] [5] [6] [7] [8] [9] . Apart from blood coagulation, TF has also been implicated in a variety of processes, including inflammation, metastasis, and cell signaling [10] .
The structure of sTF has been characterized using X-ray crystallography and solution NMR spectroscopy [6] [7] [8] [9] 11] . Several X-ray crystal structures of sTF exist at high resolution (1.69-2.40 Å) [6] [7] [8] ; however, some of these structures lack electron density in regions that are hypothesized to interact with fVIIa, fIX, fX, and the membrane bilayer. Solution NMR spectroscopy has been utilized to investigate sTF, and Boettcher et al report site-specific chemical shift assignment for 90% of the protein backbone, including 97% of the amide resonances [11] .
Solid-state NMR enables the study of membrane proteins in their native lipid environment. Additionally, there is no fundamental limit on the molecular weight of the protein, although larger proteins present data interpretation challenges. In solution NMR, the slow tumbling times of the protein prohibit larger molecules from being studied; however, in the solid state, linewidths and peak intensities do not depend on the molecular weight of the protein. Solidstate NMR also does not require single crystals as would be needed in X-ray crystallography. Recently developed 3D and 4D magic-angle spinning (MAS) solid-state NMR spectroscopic techniques can provide site-resolution throughout entire uniformly 13 C, 15 N-labeled proteins, as well as facilitate the chemical shift assignment process [12] [13] [14] [15] [16] . Additionally, selective glycerol labeling schemes using either 1,3-13 C-glycerol or 2-13 C-glycerol have been employed to further remove chemical shift degeneracy in solid-state NMR spectra [17] [18] [19] .
A protocol for the expression and purification of 15 N-labeled sTF employing S. cerevisiae or inclusion bodies from E. coli has been reported [9] . We now report a highly efficient protocol for expression and purification of doubly-and triply-( 2 H, 13 C, 15 N) labeled and glycerol (1,3-13 C or 2-13 C) labeled sTF in the periplasmic space of E. coli, which allows for the formation of disulfide bonds, thereby obviating the need for protein refolding as previously described [9] . As both solution and solid-state NMR require milligram quantities of pure protein for spectral acquisition, a robust and effective expression and purification protocol for this system is crucial for sTF structural characterization using NMR. Here, we utilize solid-state NMR to evaluate sTF samples as a precursor to examining the TF structure as a whole and demonstrate the benefits of uniform and glycerol labeling schemes on spectral resolution and sensitivity.
Materials and Methods
Expression of doubly-labeled ( Media used for the expression of each variety of isotopically labeled sTF described in this study are listed in Table 1 . All flasks and media were autoclaved or filter-sterilized where applicable prior to use. A C-terminal His-tagged construct of sTF was cloned into plasmid pJH677 with kanamycin resistance and expressed using T7 Express E. coli cells (New England BioLabs, Inc., Ipswitch, MA, USA). A glycerol stock of transformed cells was used for all subsequent expressions. The sTF glycerol stock was grown on a Luria Broth (LB) agar plate containing 50 μg/mL kanamycin and incubated for~15 hours at 37°C. A single colony was inoculated into 25 mL modified Studier [20] media (MDG) in a 250 mL baffled flask and grown for 7 hours at 37°C at 300 rpm. The preculture (1 mL) was added to 250 mL MDG in a 2-L baffled flask and grown for~12-15 hours at 37°C at 300 rpm until the A 600 of the culture was between 5-7. The cells were harvested by centrifugation for 20 minutes at 25°C at 7000 x g and were subsequently resuspended in 1-L MBG modified Studier media with BioExpress (Cambridge Isotope Laboratories, Inc., Andover, MA, USA) as given in Table 1 , to achieve a resulting A 600 of~2. The culture was divided into four 2-L flasks and grown for~30 minutes at 25°C at 300 rpm until an A 600 of~3 was reached to deplete any remaining natural abundance isotopes. Expression of sTF was induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) at a final concentration of 100 μM for 24 hours at 25°C. Cells were harvested via centrifugation for 35 minutes at 25°C at 8500 x g. The cell pellets were stored at -80°C prior to purification. O in the medium. LB (5 mL) containing 100 ug/mL kanamycin was inoculated with the sTF glycerol plasmid stock and shaken for 7 hours at 37°C at 300 rpm. The LB growth (1 mL) was inoculated into 25 mL of~80% deuterated MDG and shaken for 12 hours at 37°C at 300 rpm. Then, 1 mL of the~80% deuterated MDG was inoculated into 25 mL of 90% deuterated MDG and shaken for~12 hours at 37°C at 300 rpm. The~90% deuterated MDG culture (10 mL) was added to 500 mL of 100% deuterated MDG and divided between two 2-L baffled flasks and grown for~15 hours at 37°C at 300 rpm until an A 600 of~4-5 was reached. The cell culture was centrifuged for 15 minutes at 20°C at 6500 x g prior to being resuspended in 1 L of~100% deuterated MBG. The resuspended culture was then divided into four 2-L baffled flasks and grown for~1 hour at 25°C at 300 rpm until an A 600 of~3 was reached. Expression of sTF was induced with IPTG at a final concentration of 100 μM for 24 hours at 25°C. Cells were harvested by centrifugation for 15 minutes at 20°C at 7500 x g. Other deuterated preparations were grown in this step-wise approach (from 0% deuteration to~80% deuteration to~90% deuteration to~100% deuteration precultures into~100% deuteration for expression media) in order to condition the cells for growth in deuterium prior to the introduction of 13 C and 15 N and induction of expression.
Expression of glycerol labeled recombinant sTF using 1,3-13 C-glycerol or 2- 13 
C-glycerol
Glycerol labeled samples were prepared using a protocol highly similar to that of the uniform 13 C, 15 N expression. Notably, in the final 250 mL MDG culture, the unlabeled glucose was replaced with natural abundance glycerol so that the cells could condition to using glycerol as the carbon source. In the expression medium, cells were grown using the modified Studier media (MGG) instead of MBG. This replaces the glucose with isotopically labeled glycerol and also excludes the BioExpress, which can only be used in uniformly labeled expressions. MGG contains 0.5% 1,3-13 C glycerol and 0.25% 12 C sodium carbonate or 0.5% 2-13 C glycerol and 0.25% 13 C sodium carbonate [18] .
Purification of isotopically labeled recombinant sTF
Frozen cell pellets from 250 mL culture were rapidly thawed at 37°C and resuspended in 20 mL of 20% sucrose in 50 mM sodium phosphate (pH 7.5) buffer, 50 mM NaCl. The cells were shaken at 4°C at 200 rpm for 10 minutes. Cells were centrifuged for 35 minutes at 4°C at 7500 x g and the supernatant was collected. The cell pellets were then rapidly resuspended in 20 mL MilliQ ultrapure water to release sTF from the cells via osmotic shock. The cells were shaken for 10 minutes at 4°C at 200 rpm. MgCl 2 (final concentration = 1 mM) and Turbonuclease (Accelagen, San Diego, CA, USA; final concentration = 25 units/mL) were added and incubated for 1 hour at 25°C. The cells were centrifuged for 1 hour at 4°C at 8500 x g. The supernatant was combined with the supernatant from the resuspension in 20% sucrose. Q-Sepharose1 Fast Flow ion exchange media (Sigma-Aldrich, St. Louis, MO, USA) were equilibrated with five changes of 50 mM sodium phosphate buffer (pH 7.5) and 50 mM NaCl (250 mL) and collected by vacuum filtration. Equilibrated Q-Sepharose beads were added to the supernatant at 1 g beads per 10 mL of supernatant and rotated for 40 minutes at 4°C. The supernatant was collected by vacuum filtration and 0.02% NaN 3 was added. Ni 2+ affinity chromatography was then used to further purify the supernatant. Two 5 mL
HisTrap™ Fast Flow columns (GE Healthcare, Piscataway, NJ, USA) were equilibrated with five column volumes (50 mL) of binding buffer (25 mM sodium phosphate (pH 8) buffer, 300 mM NaCl, 20 mM imidazole (pH 8)). NaCl (final concentration = 300 mM) and imidazole, pH 8 (final concentration = 20 mM) were added to the supernatant, which was subsequently filtered using a 0.45 μm membrane filter. The supernatant was loaded on the affinity columns and the columns were washed with 5-10 changes of binding buffer to remove any weakly bound protein. sTF was eluted as a single sharp peak (monitored by A 280 ) with 25 mM sodium phosphate (pH 8) buffer, 300 mM NaCl, 500 mM imidazole (pH 8). Pure sTF was concentrated using Centriprep™ centrifugal filter concentrators (EMD Millipore, Billerica, MA, USA) with a molecular weight cutoff of 10 kDa. The concentrated sTF was dialyzed against three changes of 50 mM sodium phosphate (pH 7.5) buffer, 50 mM NaCl, 0.01% NaN 3 (1.33 L) to eliminate excess imidazole. Yields of uniform 13 C, 15 N sTF were 60-100 mg protein per liter of media. Yields of deuterated 1,3-13 C glycerol and 2-13 C glycerol sTF were >80 mg protein per liter media. Thus, deuteration and/or glycerol growth did not seem to adversely impact the purified protein yield. SDS-PAGE gel electrophoresis was performed using 12% acrylamide gels run at a constant voltage of 120 V for 90 minutes with Tris-glycine running buffer.
FVIIa amidolytic assay
The cofactor activity of sTF was measured throughout the purification using the fVIIa amidolytic assay as previously described [5] . Briefly, 25 mM HEPES (pH 7.4), 100 mM NaCl, 5 mM CaCl 2 , 0.1% bovine serum albumin, 5 nM fVIIa (Sekisui Diagnostics, Lexington, MA, USA) and varying concentrations of sTF were added to each well of a 96-well plate. The reaction began upon addition of 1 mM Chromozym t-PA substrate (Roche Diagnostics, Indianapolis, IN, USA) to each well and the rate of substrate hydrolysis was quantified by measuring the change in A 405 for 20 minutes at 25°C.
Solution NMR spectroscopy
Purified sTF samples were dialyzed using Slide-A-Lyzer TM dialysis cassettes (Life Technologies, Grand Island, NY, USA) with a molecular weight cutoff of 10 kDa against three changes of 50 mM sodium phosphate (pH 6.5), 50 mM NaCl (1.33 L). Following dialysis, the buffer was adjusted to contain 10% D 2 O and 0.01% NaN 3 and sTF was concentrated to~550 μL using Centriprep™ centrifugal filter concentrators. Solution NMR experiments were performed on 100 μM uniform 13 C, 15 N sTF in 50 mM sodium phosphate (pH 6.5), 50 mM NaCl, 5% DSS, 10% D 2 O, 0.1% NaN 3 . Spectra were acquired at a variable temperature set point of 35°C on a Varian/Agilent VNMRS 17.6 T (750 MHz 1 H frequency) spectrometer. Spectra were processed with NMRPipe [21] and analyzed in Sparky [22] .
Magic-angle spinning (MAS) solid-state NMR spectroscopy
Two methods were used to precipitate purified sTF for solid-state NMR. The first used polyethylene glycol (PEG), in which sTF samples were precipitated after dialysis with 5-20% PEG 3350 in 25 mM sodium phosphate (pH 7.5) buffer for~12 hours at 20°C. The second used ammonium sulfate, in which sTF was precipitated with ammonium sulfate (final concentration =~1.8 M) in 100 mM HEPES (pH 7.5) buffer, 200 mM NaCl, 5 mM Cu-EDTA. The precipitated material was incubated for~12 hours at 4°C and then ultracentrifuged for 2 minutes at 25°C at 10,000 x g. Samples were packed into 3.2 mm standard and limited speed NMR rotors (Agilent Technologies, Santa Clara, CA, USA). Spectra were acquired on a Varian/Agilent VNMRS 11.7 T (500 MHz [25] and DARR mixing [26] . 2D 15 N-13 C correlation spectra were acquired at a variable temperature set point of -5°C and used tangent ramped cross polarization [24] with 72 kHz of 1 H SPINAL-64 decoupling [25] . Spectra were processed with NMRPipe [21] and analyzed in Sparky [22] .
Results and Discussion

Isotopically labeled sTF expression & purification
A previous sTF expression and purification protocol required protein refolding from E. coli inclusion bodies [9] . In our protocol, we utilized MDG media in order to facilitate E. coli growth to high optical density and produce healthy cultures that are stable for day-long time periods, leading to a robust sTF expression method without the need for carefully monitoring cell growth in the mid-log phase. Growing cells in MDG to saturation (A 600 of~5-7) produced high cell density, which yielded high expression upon IPTG induction when the bacteria were resuspended in fresh isotopically labeled media. This technique boosted protein yields while minimizing the use of expensive isotopically labeled reagents. Expression of sTF in the periplasmic space allows for native folding and disulfide bond formation, thereby eliminating the need for protein refolding [27] . Additionally, this method enabled improvement in yields of up to 100 mg per liter of uniform 13 C, 15 N, pure sTF. This is a factor of 100 increase in yield from our previously published natural abundance sTF expression and purification method [27] . This is a 50% increase in yield of 15 N labeled sTF from the refolding protocol in Stone et al. [9] . Yields of glycerol labeled sTF samples have not been reported previously in the literature. The relative purity at each phase of the purification is illustrated in the SDS-PAGE gel of sTF in Fig 1,   Fig 1. SDS-PAGE indicating a very high level of purity in the concentrated sTF sample (Lane 7). Purified sTF retained full cofactor activity towards fVIIa, as measured by the fVIIa amidolytic activity assay [5] , with a percent activity of 101.0 ± 3.9% relative to a standard sTF sample prepared as described previously [27, 28] . The described sample preparation approach of sTF does not allow for glycosylation of the carbohydrate chains of TF. It has been shown that the carbohydrate chains are dispensable for TF function [29] , although there remains some controversy in the literature as to the contribution of the carbohydrate chains to TF function [30, 31] .
Analysis of solution and solid-state NMR spectra
The 1 H-15 N 2D HSQC correlation spectrum of 100 μM sTF is shown in Fig 2. Previously, our group assigned the majority of the resonances using~1 mM sTF samples [11]; however, sample lifetime is enhanced by utilizing 100 μM sTF concentrations, and the relative signal intensities throughout the spectrum are more consistent than the 1 mM sTF sample, indicating the presence of a pure, monodisperse sample. The fingerprint spectrum shown in Fig 2 demonstrates a common fold with prior solution NMR studies [9, 11] . Solid-state NMR samples of sTF were prepared by precipitation with either PEG or ammonium sulfate. PEG offers the advantage of lower ionic strength in the NMR sample, whereas ammonium sulfate may compromise performance for certain types of NMR probes [23] . However, the PEG-precipitated samples yielded substantially lower quantities of protein in the pellet (packed in the NMR rotor), as determined by quantitative 13 C NMR, and showed high variability in the yield. Specifically, the PEG-precipitated samples varied from 5% to 20% sTF by mass in the pellet. In contrast, the ammonium sulfate-precipitated samples yielded~70% sTF by mass in the pellet, and several preparations of this form showed a consistent yield. Utilizing low electric field resonators [23] allowed for the acquisition of high-resolution, multidimensional solid-state NMR data sets using the ammonium sulfate-precipitated sTF samples. The 13 C-13 C 2D correlation spectra with DARR mixing are shown in Fig 3. The ammonium sulfate-precipitated sample exhibits substantially better resolution than the PEGprecipitated sample, which we attribute to the greater regularity of crystal formation under these conditions. Additionally, the ammonium sulfate-precipitated sample exhibits inhomogeneous linewidths of less than 0.1 ppm, and the signal-to-noise ratios for the one-bond correlations are >30:1 in 24 hours. By comparison, the PEG-precipitated sample is less well-resolved, particularly in the Thr CA-CB region highlighted in Fig 3, which is diagnostic of sample homogeneity. Because scalar couplings contribute to the majority of the linewidth in the case of the ammonium sulfate-precipitated sample, additional enhancements in resolution are achievable by using glycerol labeling, as shown in Fig 4. In particular, 2-13 C glycerol labeling reduced the 13 C linewidths anywhere from 14 to 116 Hz, with most chemical shifts exhibiting 13 C linewidth reductions of approximately 50 Hz; however, the sensitivity of the 2-13 C glycerol 2 H, 15 N sample is lower than that of the uniform 13 C, 15 N sample due to a reduction in cross polarization efficiency from deuteration as well as a lower total amount of sample in the NMR rotor. Chemical shifts between the uniform 13 C, 15 N and 2-13 C glycerol 2 H, 15 N sTF samples also differ slightly due to deuterium isotope effects. Initial analyses of the ammonium sulfate-precipitated spectra reveal that chemical shift information for residues missing electron density in the highest resolution sTF crystal structure [6] are observed. For example, we observe 18 out of 18 Serine resonances in the PEG and ammonium sulfate-precipitated samples; the 2HFT structure is missing electron density for a Serine-rich functionally relevant loop. Further, 27 out of 27 Threonine resonances and 9 out of 10 Alanine resonances are observed, due to the flexibility of one Alanine residue in the N-terminal region of the protein. There are also several Glycine residues located in flexible loop 
Conclusions
NMR provides unique opportunities to investigate atomistic details of blood coagulation, including structure, interactions, and dynamics. Towards this end, we have developed greatly improved methods for expression and purification of isotopically labeled, active sTF that enable highly resolved spectra to be collected using both solution and solid-state NMR. We have also greatly increased the sensitivity of solid-state NMR measurements of sTF, by increasing the fraction of protein in the pellet using ammonium sulfate precipitation. This procedure yields a factor of at least 3 to 5 increase in sensitivity relative to the PEG precipitation, yet both forms give highly similar chemical shifts, indicating a common fold. Further, selective 13 Clabeling of sTF greatly enhances the sensitivity as well as resolution for multidimensional solidstate NMR studies. Chemical shift data can now be compared between the soluble and crystalline forms of TF, and perturbations will shed light on the structure of sTF and ultimately the structure and mechanism of the TF/fVIIa complex. 
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